SUMMARY
From genomie libraries of the purple nonsulfur bacteria Rhodospirill,~m rubmm Ha and Rho,tobacter sphaeroides ATCC 17023 in tile broad-host range cosmid pVKI00, we cloned a 15-and a 14-kbp Hindlll restriction fragment, respectively. Each of these fragments restored the ability to accumulate poly(3-hydroxybutyrate) (PHB), in the PHB.negative mutant A/ca#genes eutrophus PHB-4. These hybrid cosmids also complemented PHB-negative mutants derived from wild-type R. mbmrn or R. sphaeroides. Both fragments hybridized with the PHB synthase structural gene of A. eutrophus HI6 and conferred the ability to express PHB synthase activity. Only the 15-kbp Hindlll fragment from R. rubrum conferred on the mutant PHB-4 the abilCorrespondence to: A. Steinbiichel, lnstitut ftir Mikrobiologie der Oeorg-August-Universitiit G6uingen, GrisebachstraSe 8, D-3400 G6ttingen, FRG. ity to form large PHB grt.nules (length up to 3.5
INTRODUCTION
Many bacteria accumulate poly(3-hydroxybutyric acid). (PHB), as a carbon and energy storage compound or use it as a ~,ink for reducing equivalents [1] . Almost 40 other hydrox)'alkanoi,; acids beside 3-hydroxybutyric acid (3HB) were detected as constituents of related bacterial polyesters [2, 3] , which are referred to as polyhydroxyalkanoie acids (PHA). At least three different basic pathways account for biosynthesis of PHA from central intermediates of the metabolism of the cell [3, 4] . PHB and probably most other PHA are completely biodegradable to CO, and H20, and many can be produced from renewable resources. Since PHA are also thermoplastic and can he manufactured into bottles, films etc., they have attracted much attention as possible candidates for substitutes of plastics pro-286 duced by the petrochemical industry, and they are now already being produced on a small industrial scale [5] .
Purple non-suifur bacteria were recently surveyed for their potential to accumulate PHAs other than PHB [6] ; Rhodospinllum n~brum [7, 8] and Rhodobacter sphaeroides [9] had already been investigated in detail. Most photosynthetic bacteria of this group were able to incorporate 3-hydroxyvaleric acid in addition to 3HB into PHA, whereas 3-hydroxyheptanoate and 3-hydroxyhexanoatc were only detected as minor constituents in the polyesters of some strains, R. mbrum synthesized PHA containing 3-hydroxy-4-pentenoic acid as constituent [8] . The present study aimed at the cloning of the PHA synthase genes from both R. sphaeroides and R. mbrum in order to allow detailed analysis of the properties of the synthases and of the organisation of PHAbiosyr~thetic genes of both bacteria.
MATERIALS AND METHODS

Bacterial strains and plasmids
Rhodobacter sphaeroide~ (ATCC 17023) and the PHB-negative mutants PNla, PN2a and PN3 derived from this strain, RhodospMllum rubmm Ha (DSM 107), R. mbnml S1 (DSM467) and its PHB-negative mutant N13 (E. Hustede, A. Steinbi~chel and H.G. Schegel, unpublished results) were used. In addition, Alcaligenes eutrophus strain PHB-4 (DSM 541), a PHB--negative mutant of the wild-type H16, and Escherichia coil strain S17-1 [10] were used in this study. Furthermore, cosmid pVK100 [11] was used.
Growth of bacteria
R. n~bnon and R. sphaeroides were grown at 30°C anaerobically in the light in a mineral salts medium [6] containing 7 mM sodium glutamate plus 10-30 mM sodium acetate or 0.04% (w/v) ammonium chloride plus 0.1% (w/v) sodium' succinate as nitrogen or carbon sources, respectively. E. coli was grown at 37°C in Luria-Bertani (LB) medium [12] . A. eutrophus was grown at 30°C either in nutrient broth (NB) medium (0.8%, w/v) or in mineral salts i,pedittm (MM) [13] . To allow extensive accumulation of PHB, the concentration of ammonium chloride in the MM was reduced to 0.025% (w/v). Tetracycline (Tc), kanamycin (Km) and filter-sterilized carbon sources were provided as indicated in the text.
£3. Quantitatit,,e and qualitative analysis of PHA
Approximately 4 mg lyophilized cells were subjected to methanolysis in the presence of methanol/sulfuric acid (85: 15, v/v) as described by Brandl et al. [14] . The methanolysis products were assayed by gas chromatography with a Perkin Elmer (Norwalk, CT) 8420 GC equipped with a Permaphase PEG 25 Mx capillary column under the conditions described in detail recently [15] .
Cloning strategy
Total genomic DNA of purple non-sulfur bacteria was partially digested with Hindlll and ligated to Hindlli-restricted pVK100 DNA. Concatemeric ligation products were packaged with lambda coat proteins by using an in vitro packaging kit, and phage particles were transfected into E. coli S17-1 as described by Hohn and Collins [16] . Clones, which harbored hybrid cosmids, were selected on LBTc agar plates. Tetracycline-resistant clones were transferred with tootboieks onto a lawn of A. eutrophus PHB-4 cells on MM agar plates containing 0.025% (w/v) NH4CI, 1% (w/v) sodium gluconate and 12.5 #g Tc per ml. For mating and growth of transconjugants: plates were incubated for 5 days at 3feC. Those tran~onjugants, which formed opaque colonies, were subjected to further analysis.
Isolation, analysis and manipulation of DNA
Total genomic DNA, plasmid DNA and A DNA were isolated by standard procedures [12] . In vitro DNA manipulations were performed by standard procedures [12] or according to the instructions of the manufacturers.
Transfer of DNA
For matings of E. coli (donor) harboring hybrid donor plasmids with A. eutrophus PHB-4 or with purple non-sulfur bacteria (recipients), the spot agar mating technique was applied [17] . NBgrown cells of strain PHB-4 or succinate-grown cells of phototrophic bacteria were combined with LBTc-grown cells of E. colt S17-1 on NB-or on LB-agar plates, respectively, and were incubated for 24 h at 30°C. Transconjugants of PHB-4 were selected on MM gluconate agar plates, which contained 12.5 p,g tetracycline per ml. Transconjugants of R. sphaeroides were selected on succinate agar plates which were supplemented with 20 #g Km and 12.5 p,g Tc per ml. In contrast, transconjugants of R. rubntm were selected in liquid succinate medium which was supplemented with 12.5 ~g Tc per ml.
3.Z Enzymatic analysis
Activity of PHB synthase was mcasurcd in crude cellular extracts by a radiometric assay with [3-14 C]-o-( -)-3-hydroxybutyryl-CoA [ 18, 19] . Protein was determined as described by Lowry el al.
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Electron microscopy
Cells which had been washed and suspended in 50 mM potassium phosphate buffer (pH 6.8) Table I PHB synlhase activity in purple n)n-sulfur haeturia and in reeombinanl strains of . 4 
Cells of photosynthetic bacteria and of A. emrophm' were grown at 311°C as descrihcd in the legend to Fig. 1 . E. colt was grown in LBTc medium which was s :i~pk'mented with 0.5% (w/V) glucose. PHB synthase activity was determined as describea i~ MATERIAI,S AND METIIODS. One unit of enzyme activity is defined as the transformalion of I mmot of substrate per rain.
were fixed with glutaraldehyde and osmium tetroxide and embedded in Spurr's low-viscosity resin [21] as described by Walther-Mauruschat et al. [22] . Thin sections were contrasted with uranyl acctatc and examined in a Philips EM301 electron microscope at calibrated magnifications.
RESULTS
CloniJ~g of PHB-biosynthetic genes
A genomic gene bank, which was prepared from incompletely restricted DNA of R.
sphaeroides ATCC 17023 and the broad-host range vector cosmid pVKI(I0, was mobilized from E. colt S17-1 into the PHB-negative mutant PHB-4 of A. eutrophus by agar mating on mineral agar plates which contained excess of gluconate and a limited amount of ammonium, in order to providc storage conditions for the cells. Two of 1200 transconjugants appeared opaque, indicating the presence of inclusion bodies. Plasmid analysis revealed the presence of a 14-kbp Hindlll restriction fragment in both clones in addition to a 11-or a 15-kbp fragment plus vector DNA. The 14-kbp HindIll fragment (referred to as RSHI40) was subcloned in pVKI00, and the resulting plasmid pEHI40 was mobilized to A.
eurrophus PHB-4. Gluconate-grown cells of transconjuga::ts of PHB-4 harboring pEH14O accumulated PHB up to 80% of the cellular dry matter if they had been cultivated under nitrogen-limitin~ conditions.
Applying the same strategy to a gene bank of R. rubmm Ha, we identified one clone among 151)0, which conferred the ability to synthesize and accumulate PHB to mutant PHB-4. The hybrid cosmid isolated from this clone, which was referred to as pEH211, harbored two genomic Hindll I :cs~rictJon fragments of 15 kbp (RRH 150) and 6.1 kbp (RRIt61) in addition to the vector DNA. Transconjugants of PHB-4, which harbored plasmid pEHI5O, which is a construct consisting solely of pVKI00 and RRHI50, also regained the capacity to store PHA. 
Hybridizatio~t studies
Biotinylated RSHI40 DNA hybridized with a 14-kbp restriction fragment of HindllI-digesled genomie DNA of R. sphaeroMes; only weak hybridization occurred with DNA of R. n~brton Ha. 
Size of PHA granules in ceils of recombinant strains of A. eutrophus PHB -4
Electron mierographs of ultrathin sections of the recombinant PHB-4, which harbored pEH211 and which had been cultivated in gluconate medium under nitrogen-limiting conditions, re-• ~ealed the presence of very large PHB granules, occurring at rather low numbers in the cells (Fig.  1) . The granules occupied almost the entire cytoplasm of the cell, and their size often exceeded 2 p,m; in some cells the PHB granules were as large as 3.5 /~m. Figure 1 illustrates also very impressively the increase of the volume of these cells as already described for cells of A. eutrophus strain Hlo wiatch had accumulated PHB [23] . "i'he volume of some cells had increased approximately 30-fold. In contrast, recombinant strain of PHB-4 harboring pEH140 contained much smaller PHB granules.
Expression in E. colt
The hybrid plasmids mentioned above did not confer the ability to synthesize PHB to E. colt if recombinant strains, which were cultivated in 100-ml Erlenmeyer flasks containing 70 ml LB medium supplemented with 0.5% (w/v) glucose, were analysed gas chromatographically or were investigated under the microscope. Furthermore, PHB synthase activity was not expressed in E.
colt (Table 1) . This is different to recombinant strains of E. colt, which harbored the A. eutrophus PHB-biosynthetic genes [18].
Complementation of PHB-negatire mutants of phototrophic bacteria
If pEHI40 was mobilized into PNIa, PN2a, PN3 and in six other TnS-induced PHB-negative mutants derived from R. sphaeroides, transconjugants were able to accumulate PHB like the wild-type up to 50% of the cellular dry weight after 36 h cultivation in the presence 9f 10 mM acetate as carbon source. Upon eonjugational transfer, the plasmids pEH150 and pEH211 did also confer PHB-biosynthesis to the PHB-negative mutants of R. sphaeroides (22% of cellular dry matter). Light microscopic investigation revealed in most cells the presence of only one single granule.
The PHB-negative mutant N I3, which was derived from R. rubrum S1, also regained the ability to accumulate PHB if pEHI40 or pEH211 with the respective genomie fragments of 17. rubrum or R. sphaeroides were transferred. However, complementation occurred at a much lower extent, and PHB was accumulated to only approximately 5 to 10% of the cellular dry matter in cells harboring these plasmids.
DISCUSSION
This study resulted in the cloning of genes encoding the PHB synthases of R. sphaeroides ( phbCR.,) and R. ntbrurn (phbCRr) through complementation to PHB accumulation of a PHBnegative mutant of A. eutrophus. Cloning was confirmed by enzymatic studies, which showed that PHB synthase activity is expressed in A.
eutrophus from either fragment harboring phbCr~r or phbCR~, and by hybridization with the A. eutrophus PHB synthase structural gene. This study is the first report on the cloning of PHB synthase structural genes from anox3,genic phototrophic bacteria. After having cloned and analysed at a molecular level the PHA synthase genes from A. eutrophtts (recently reviewed by [4] ) and Pseu,iomonas oleororan~ [25] , and of other genes relevant for accumulation cf PHB [26] , additional PHB-biosynthetic genes are now available for molecular analysis and for comparative studies.
,-'0tl
The PHB-biosynthetic genes from the purple non-sulfur bacteria arc of particular interest for several reasons. Moskowitz and Merrick had obtained evidence for an unusual pathway for synthesis of PHB from acetyI-CoA in R. rubrum [27] . Further detailed studies have to demonstrate whether the genes for other PHB-biosynthefic enzymes, e.g, for fl-ketothiolase or acetoacetylCoA reduetase, are clustered with phbCRr or phbCR, ' in the genomes of R. rubrum or R. sphaeroides like in A. euowphus ([4] and references cited therein) or not, like in Z. ramigera [28] . Since the genomic fragment cloned from R. ntbrum conferred the ability to form large granules to A. eutrophus PHB-4, which were even larger than those Ibrmed in the natural host of the genes, it will be of interest to analyse whether the PHB synthase itself or whether another yet unknown factor determines the size of the PHB granules in the cells. It is interesting that only very low PHB synthase activity was measured in the recombinant PHB-4. The formation of large granules is also of interest for the biotechnological production of PHA since the occurrence of large granules might simplify the isolation and purification of PHA from cells.
